To study the nature of fluoride resistance in Streptococcus mutans, we transformed DNA extracted from fluoride-resistant mutants of S. mutans GS-5 into fluoride-sensitive cells of the same strain. Transformation with DNA from first-step mutants produced transformants with resistance to either 600 or 1,000 jig of sodium fluoride per ml, both of which are within the first-step resistance range (400 to 1,000 ,ug/mi). In five of six of these transformation experiments, however, the transformant resistance levels were greater than those of their respective DNA donors. Transformation with DNA from a second-step mutant resistant to 1,600 ,ug/ml resulted in transformants resistant to 600 ,ug/ml, similar to some transformants receiving DNA from first-step mutants. When a second-step mutant resistant to 3,000 ,ug/ml was used as a DNA donor, four different levels of resistance were seen in the transformants (600, 1,000, 1,500, and 2,000 ,ug/ml). In many cases, the growth rates of the transformants (first and second step) were faster than those of the DNA donors. Additionally, many of the transformants demonstrated abrupt shifts in growth rates at relatively low culture densities.
Fluoride is currently the most often and widely used agent to control dental caries. Fluoridation of drinking water has dramatically reduced the incidence of tooth decay. Caries have been found to be reduced by 50% by administering a concentration of one part per million of fluoride (1 p.g/ml) in drinking water (3) .
One consequence of the widespread use of fluoride to control dental caries is the possible selection and maintenance of a population of oral microorganisms demonstrating resistance to fluoride. Bunick and Kashket (2) demonstrated fluoride resistance in both Streptococcus silli(l)riuIs and Streptococcus mniitans.
Brussock and Kral (1) isolated spontaneous first-and second-step fluoride-resistant mutants of S. tnlitatns GS-5 using a stepwise selection procedure. First-step mutants exhibited six different levels of maximal resistance ranging from 400 to 1,000 Fig of sodium fluoride per ml and were isolated at a frequency of 6.4 x 10-10. Second-step mutants exhibited two levels of maximal resistance, 1,600 and 3,000 p,g of sodium fluoride per ml, and were isolated at a frequency of 1.4 x 108. Brussock and Kral (1) reported that in all cases, resistant strains retained higher levels of resistance than the parental strain; second-step mutants exhibited higher levels of resistance than first-step mutants. The characteristics of the fluoride-resistant mutants were similar to those of the parental strain. There were no distinguishable differences between strain GS-5 and the mutant strains with respect to colony and cellular morphology. The parental and mutant strains were also similar biochemically. Hewitt glucose broth supplemented with heat-inactivated horse serum (10%) for 72 h (daily transfers) at 37°C. From the overnight culture, a 1:10,000 dilution was made into the same medium and incubated for 5 h at 37°C. In a sterile tube, 0.1 ml of the DNA solution (approximately 0.5 ,ug/ml) and 0.33 ml of the 5-h culture were gently mixed. This mixture was then incubated for 4 h at 37°C. Samples of 100-,ul of the culture (approximately 3 x 105 CFU/ml) were spread onto Todd-Hewitt glucose agar plates containing sodium fluoride (500 ,ug/ml). Three control experiments were also performed. In one control experiment, 100 ,ul of the competent S. mutans GS-5 cells (without prior incubation with DNA) were spread onto the selective medium. This served as a negative control. In a second control experiment, competent S. mitans GS-5 cells were mixed with DNase-treated (DNase I; Sigma Chemical Co., St. Louis, Mo.) A33 DNA (first-step mutant) and DNase-treated A69 DNA (secondstep mutant) and then spread onto the selective medium. In a final control experiment, competent S. mutans GS-5 cells were incubated with S. mutans GS-5 DNA followed by plating on the selective medium. Dilutions of the transformation mixture were also spread onto fluoride-free agar to determine viable counts. After incubation at 37°C in candle jars for 48 to 96 h, the plates were examined for fluorideresistant transformants. Determination of maximal level of resistance. All fluorideresistant transformants and the control strains were streaked with an inoculating needle from fluoride-free Todd-Hewitt glucose broth onto Todd-Hewitt glucose agar plates containing increasing concentrations (in 100-,ug/ml increments) of sodium fluoride. Plates were incubated in candle jars at 37°C for 48 to 96 h and examined for growth. These experiments were performed in triplicate.
Characteristics of resistant transformants. Routine Gram strains were performed throughout the experiments. Growth characteristics in Todd-Hewitt glucose broth and on ToddHewitt glucose agar were noted. Generation times were determined in fluoride-free Todd-Hewitt glucose broth at 37°C. (Generation time experiments were performed in triplicate.) Spectrophotometric measurements (675 nm) were recorded at the time of inoculation and at time intervals thereafter until maximal growth was achieved. A 24-h reading was also recorded. RESULTS Brussock and Kral (1) isolated spontaneous, first-, and second-step fluoride-resistant mutants of S. mutans GS-5. Attempts to transform fluoride-sensitive cells with DNA from these strains were successful. Between 100 and 300 transformant colonies were observed on any one plate. The frequency of isolation for all transformants was between 10-3 and 10-4 transformants per CFU. No colonies were observed when just competent cells, competent cells with DNase-treated DNA, or competent cells with parental strain DNA were spread onto selective media.
Of those transformants isolated, 10 from each transformation experiment were retained for further study. Transformations with DNA from first-step DNA donors A38, A35, A52, A40, and A51 all resulted in transformants whose resistance levels were greater than those of the DNA donors (Table 1) . Only transformants containing first-step A33 DNA demonstrated resistance levels identical to that of the donor (Table 1) .
Transformation experiments with DNA from the secondstep mutants are also presented in Table 1 . Again, of those strains isolated, 10 from each transformation experiment were retained for further study. With both donors (A64 and A69), the transformants demonstrated fluoride resistance levels lower than those of the DNA donors. With strain A64 as the DNA donor, all the transformants demonstrated a single level of resistance (600 ,ug of sodium fluoride per ml), much less than that of the donor. When strain A69 was used as the DNA donor, transformants showing four different levels of resistance (600, 1,000, 1,500, and 2,000 pLg of sodium fluoride per ml) were isolated. Again, these resistance levels were less than that of the donor.
In another set of experiments, cells that were previously transformed with DNA from strain A69 (A100, A102, and A103) were used as DNA donors (Table 1) . In all three cases, the levels of resistance in these secondary transformants were less than those of the DNA donors (A100, A102, and A103). Growth of the transformants in both Todd-Hewitt glucose broth and on Todd-Hewitt glucose agar resembled that of the parental strain, GS-5. All transformants occurred as grauipositive cocci in chains. There were no discernible differences in cell size or chain length between the resistant transformants and strain GS-5. When grown in the absence of fluoride for at least 48 h, all transformants isolated retained their original maximal levels of resistance when reintroduced to fluoride-containing media. DISCUSSION Spontaneous, first-, and second-step fluoride-resistant mutants of S. mutans GS-5 were isolated by Brussock and Kral (1). The procedure used enabled the isolation of mutant colonies which could be studied on an individual basis. Brussock and Kral (1) demonstrated retention of the original maximal levels of resistance when transformants were passaged through fluoride-free media for at least 50 generations.
The transformation experiments reported here demonstrated that resistance in each of the isolates was indeed a stable characteristic and probably genotypic. The frequency of isolation of transformants (10-3 to 10-4) was approximately 106 times greater than the frequency of isolation of spontaneous mutants and strongly suggests that the resistant colonies did not arise spontaneously. Successful transformation was also supported by lack of colony growth on any of the control plates.
Many of the resistance levels reported here are only two to three times that of the parental strain. That being the case, reproducibility of resistance levels is crucial if the transformants are to be considered truly different from each other and substantially different from the parental strain. In all experiments (greater than 200) in which the resistance level of the parental strain was 300 p.g of sodium fluoride per ml, the resistance levels of the transformants (as well as those of the first-and second-step mutants) were identical to those reported here. In rare cases (less than 2% of the experiments), a resistance level other than 300 pg/ml for the parental strain was observed. Owing to the rarity of these observations, these discrepancies were attributed to technical error. Apparently, a 100-,ug/ml increment in sodium fluoride concentration is large enough to allow for consistent reproducibility.
Transformation with DNA from five of the six first-step mutants resulted in transformants each of which demonstrated a resistance level greater than its respective DNA donor. Four of those five resulted in transformants resistant to 1,000 pLg of sodium fluoride per ml, which appears to be the upper limit of resistance for first-step mutants. The other set of transformants in that group of five demonstrated resistance to 600 ,ug of sodium fluoride per ml, which, coincidentally, was also seen when the donor was secondstep mutant A64 or transformants A100 and A103. This suggests that 600 and 1,000 ,ug of sodium fluoride per ml represent critical first-step resistance levels.
Transformation with DNA from two second-step mutants gave two different sets of results. As mentioned previously, when A64 acted as the DNA donor, the transformants all demonstrated a single level of resistance (600 ,ug/ml) within the first-step resistance level range. Transformation with DNA from strain A69, the mutant resistant to the highest level (3,000 ,ug/ml), resulted in transformants with four different levels of resistance. Two of those levels were within the first-step range (600 and 1,000 ,ug/ml), and two were within the second-step range (1,500 and 2,000 ,ug/ml). When transformants A100, A102, and A103 were used as DNA donors, the secondary transformants all demonstrated resistance levels within the first-step range, either 600 or 1,000 p.g of sodium fluoride per ml. Again, these two levels appear critical. No transformants with the level of resistance of the donor were observed.
Coincidentally, in some cases the acquisition of fluoride resistance was accompanied by faster growth. A number of transformants grew with generation times in the 30-to 40-min range, while most of the DNA donor strains and strain GS-5 grew with generation times near 45 min, and some grew even slower. There was no statistical correlation between generation time and level of fluoride resistance. Nor was there a correlation between generation time and high or low maximal optical density. A reasonable explanation for the fact that approximately 40% of the transformants cease rapid growth at relatively low optical densities (0.1 to 0.2) is not at hand.
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